An ultrasensitive voltammetric sensor, a simply coated graphene-Nafion suspension on a glass carbon electrode surface, was fabricated and used to investigate the electrochemical behavior of theophylline as described in the present paper. The results indicated that this voltammetric sensor exhibited a special recognition capacity to determine theophylline as well as having high sensitivity due to the excellent characteristics of graphene and the adsorption action of Nafion for theophylline. Under the selected condition using differential pulse voltammetry, the response peak currents had a linear relationship with the theophylline concentrations in two ranges from 1.0 × 10 -8 -1.0 × 10 -6 and 2.0 × 10 -6 -3.0 × 10 -5 mol L -1 with a low detection limit of 6.0 × 10 -9 mol L 
Introduction
Theophylline (1,3-dimethyl-7H-purine-2,6-dione, TP) is a methylated derivative of xanthine with the molecular structure illustrated in Fig. 1 . It is one of the most commonly used bronchodilators and respiratory stimulants for the treatment of asthma and lung diseases of adults, [1] [2] [3] with a very narrow therapeutic index of 20 -100 μmol L -1 . However, excessive intake of TP may cause some undesired side effects for harming human health. [4] [5] [6] [7] [8] Hence, a simple, sensitive, rapid and accurate analytical technique for the quantitative determination of TP is required, owing to the important function of drug monitoring for public health. For this purpose, some analytical methods were reported, such as gas chromatography, 9 high-performance liquid chromatography, 10, 11 spectrophotometry, 12,13 gas chromatography coupled to mass spectrometry (GC/MS), 14 immunoassay, 15, 16 capillary electrophoresis 17 and so on. In most cases, however, these methods involved some shortcomings, as follows: tedious and laborious pretreatment steps, complicated and expensive instruments, skilled and time-consuming operators and so on. By contrast, some voltammetric methods for detecting TP were reported for their simplicity, high sensitivity, low-cost instrumentation and easy operation. [18] [19] [20] [21] [22] [23] Nonetheless, because TP oxidation occurred at a very positive potential on general materials, resulting in an overlap with the background current, 18 a modified electrode was necessary for the determination of TP. In these approaches, there were still some unsatisfactory shortages for the determination of TP. For instance, Kan et al. 19 presented the voltammetric recognition and determination of TP using a molecular imprinting polymer sensor based on AuNPs, with a detection limit of 1.0 × 10 -7 mol L -1 , but it was troubled from fabricating such an electrode and rejuvenescing the electrode surface. Liu et al. 21 developed a modified glassy carbon electrode, based on platinum nanoparticles decorated multiwalled carbon nanotubes-ionic liquid composite film for TP assay with a low detection limit of 8.0 × 10 -9 mol L -1 . However, the fabrication process of the modified electrodes was complicated. Ferapontova et al. 23 studied the voltammetric behavior of TP on a microbial theophylline oxidase electrode, with a detection limit of 2.0 × 10 -5 mol L -1 , but the stability of the modified electrode was poor due to degradation of the enzyme activity.
Recently, a Nafion/multi-wall carbon nanotubes (MWNTs) composite film-modified electrode 18 was exploited for the voltammetric determination of TP with a concentration range from 8.0 × 10 -8 to 6.0 × 10 -5 mol L -1 , but the detection limit was not low enough and the sensor had a lack of durability. It is thus urgently necessary to develop a simple, stable and sensitive voltammetric sensor for TP determination.
Graphene, as a nanostructured carbon material in a two-dimensional lattice, has attracted increasing attention since it was experimentally discovered in 2004. 24 performance for small bimolecular detection owing to its unique properties, such as remarkable conductivities, high specific surface areas, good mechanical strength and strong adsorption abilities. 25, 26 However, graphene is inclined to form agglomerates owing to strong Van der Waals interactions when it is dispersed in water or organic solvents. The poor dispersibility of graphene limits its further application in fabricating sensors. Thus, the properties of graphene could be better expressed through functionalizing it, and dissolving it in a particular solution. Herein, Nafion, as a cation-exchanging polymer, is applied to disperse graphene in an ethanol solution, as previously reported. 25 From what we know, a graphene and Nafion composite film modified glassy carbon electrode (GCE) has not been applied to the determination of TP, as mentioned in previous reports, although graphene has been widely used as a biosensor material for determining analytes in recent years.
The purpose of this approach is to provide a simple, sensitive, and rapid method for the electrochemical determination of TP. A graphene/Nafion film modified GCE was fabricated by dispersing graphene in 0.5% Nafion solutions, and then dropping them onto the GCE to make a voltammetric sensor, and to evaluate the voltammetric behavior of TP. It was found that the graphene/Nafion composite film exhibited stronger electrocatalytic oxidation for TP with a more negative potential. Based on this modified electrode, a sensitive electroanalytical method of determining TP was proposed with a wider linear range (1.0 × 10 -8 -3.0 × 10 -5 mol L -1 ) and a sensitive detection limit (6.0 × 10 -9 mol L -1
). The present method was tested and verified using two pharmaceutical dosage standard samples with good accuracy and satisfactory recovery.
Experimental

Reagents and chemicals
Graphene (99.8%) was purchased from XianFeng Nanotechnology Co., Ltd. (Nanjing, China). Nafion 117 (5%, w/v in alcoholic solution) was obtained from Alfa Aesar Co., Ltd., and was then diluted to 0.5% (w/v) with ethanol before use. TP (99%) was purchased from Aladdin Chemistry Co., Ltd. and used as received.
A stock solution of TP (2 × 10 -3 mol L -1 ) was prepared using doubly distilled water, and stored under 4 C. All other reagents and solvents used were of analytical grade without further purification, and doubly distilled water was used for the experiment. H2SO4 with various molarities was prepared by maxing concentrated H2SO4 and doubly distilled water.
Apparatus
All electrochemical measurements were carried out with a RST5200 electrochemical analyzer (Suzhou Risetest Instrument Co., Ltd., Suzhou, China) coupled with a conventional three-compartment electrochemical cell. The three-electrode system was used for all experiments, and was made up of a bare or modified GCE (3 mm diameter), which served as a working electrode; a saturated calomel electrode (SCE) acted as a reference electrode and a platinum wire was used as an auxiliary electrode, respectively.
Fabrication of graphene/Nafion modified GCE
In order to fabricate the film-modified electrode, 1.0 mg graphene was added into 1.0 mL of a Nafion ethanol solution (0.5%, w/v), and then a uniformly dispersed mixture of graphene-Nafion could be obtained under ultrasonication for 2 h at ambient temperature. A graphene/Nafion composite solution of graphene, 1.0 mg mL -1 , was received. Prior to modification, a bare GCE was first mechanically polished to a mirror-like surface stepwise using finer emery-paper and 0.5 μm alumina slurry, and was then washed ultrasonically with 1:1 nitric acid, alcohol and double-distilled water successively. The graphene/Nafion modified GCE (named as graphene/Nafion/GCE) was established by depositing the above-mentioned suspension (5 μL) on a fresh GCE surface using a micro-injector, and then dried naturally. For a comparison, a Nafion modified GCE was prepared using the same method, and denoted as Nafion/GCE. Prior to use, the graphene/Nafion/GCE was pretreated in a 0.1 mol L -1 H2SO4 solution by cyclic scans between potentials of 0.6 and 1.45 V (20 cycles).
Analytical procedure
An accumulation step was carried out in every measurement because of the adsorptive character of TP at the electrode surface. All potential scans were performed at between 0.6 and 1.45 V. Following each measurement, the electrode was put in a blank solution for successive sweeps of two cycles to regenerate the electrode surface. The quantitative determination of TP was performed by applying a positive-going differential pulse voltammetry scan. All measurements were carried out at ambient temperature.
Results and Discussion
Electrochemical characterization of graphene/Nafion/GCE
For all we known, cyclic voltammetry (CV) using [Fe(CN)6] 3-as the electrochemical probe is an effective tool to characterize the interface properties of different film-modified electrodes. This exploration was performed in
3-(containing 0.1 mol L -1 KCl) using a GCE, Nafion/GCE, graphene/Nafion/GCE, respectively; the corresponding voltammograms are displayed in Fig. S1 (Supporting Information). At the GCE, a typical reversible redox voltammogram was obtained with ipa = -16.06 μA, ipc = 15.43 μA and peak-to-peak separation of 66 mV. After coating a layer of Nafion on GCE, no redox peak could be found (Fig. S1b) . This was due to the negatively charged Nafion blocking the diffusion of [Fe(CN)6] 3-into the film, and completely hindering the electron and mass transfer. This phenomenon was unanimous with previous reports. 27 Nevertheless, when graphene/Nafion composite film was immobilized on GCE (Fig. S1c) , the redox currents of the probe appeared again, in spite of a small part of graphene doped in Nafion film, which demonstrated the dramatically electroactive nature of graphene.
The measured peak currents were ipa = -12.42 μA and ipc = 15.63 μA. The background current observed on graphene/Nafion/GCE was the largest, due to the large surface of graphene/Nafion/GCE.
Electrochemical impedance spectroscopy (EIS) is another technique for characterizing the properties of surface-modified electrodes. In the Nyquist plot of EIS, the semicircle part at higher frequencies corresponds to the electron transfer limited process, and the linear part at lower frequencies corresponds to the diffusion process. The electron-transfer resistance (Ret) was described using the semicircle diameter of EIS. Figure 2 illustrates the Nyquist plot curves of the above-mentioned three electrodes in
KCl. It could be seen that an almost straight line was obtained at the bare GCE (Fig. 2a) , indicating that it was a characteristics of electron transfer limited by diffusion. When Nafion was deposited on GCE (Fig. 2b) , Ret increased dramatically, owing to a resistance of the Nafion film into the electrode/solution interface. After coating graphene/Nafion on GCE (Fig. 2c) , Ret decreased remarkably compared with curve b, suggesting excellent electroconductibility of graphene. This result was in accord with the cyclic voltammetry token, and both of them demonstrated that the electrode was fabricated just as designed as well as the excellent electroconductibility of graphene.
Electrochemical behavior of TP on the graphene/Nafion/GCE
The electrochemical response of TP (5.0 × 10 -6 mol L -1
) was investigated at different electrodes, and compared in Fig. 3 . There was no redox peak observed in a blank solution (0.1 mol L -1 H2SO4) at a modified electrode, suggesting that Nafion and graphene were non-electroactive within the potential window. In the presence of TP, it could be seen that the electrochemical processes of TP at different electrodes were all irreversible, due to no reduction peak in the reverse scan. Under the same conditions, poor bulging was observed using the bare GCE at about 1.365 V (Fig. 3a) . A well-defined anodic peak was observed using Nafion/GCE (Fig. 3b ) with peak potential of 1.365 V and current of -2.14 μA. The reason could be explained as that Nafion was a cation exchanger, and could accumulate positively charged TP molecules to enhance the anodic signals.
Compared with Nafion/GCE, graphene/Nafion/GCE had a more sensitive response for TP (Fig. 3d) with a peak potential of 1.275 V and a current of -14.56 μA. The peak potential shifted negatively by 90 mV compared with that of using Nafion/GCE, which was due to the excellent electrocatalytic activity of graphene toward TP. A more sensitive peak current was obtained from the combined contribution of Nafion (accumulation) and graphene (electrocatalysis). Another effect of Nafion mentioned here was fixing graphene onto GCE tightly, and enhancing the stability of graphene/Nafion/GCE.
For evaluating the reaction character of TP at the graphene/Nafion/GCE, cyclic voltammetry was performed in a 2.0 × 10 -5 mol L -1 TP solution with different scan rates. Superposed voltammograms are shown in Fig. 4 (part of the curves are given). The anodic peak current increased sharply, and the potential was positively shifted slightly with increasing the scan rates from 40 to 450 mV s -1 . The peak potential positively shifted from 1.253 to 1.309 V under these scan rates, meaning a fast speed of electronic transfer in spite of a quasi-reversible electrode reaction. The peak currents were linearly increased (the inset in Fig. 4 ) with the scan rates, and their relationship obeyed the following regression equation: ipa = -0.2856v -10.012 (ipa in μA, v in mV s -1 , R = 0.997). This result indicated that the electrochemical reaction of TP at graphene/Nafion/GCE was a surface-controlled process. According to the theory of Laviron, 28 the ip-v relation could be described by Obviously, the value of n was calculated as 2 from the slope of ip vs. v based on this theory. Moreover, by plotting Epa-ln v of an irreversible process, a straight line was obtained, which could be expressed as a regression equation: Epa = 0.0234ln v + 1.1643 (Epa in V, v in mV s -1 , R = 0.997). Based on Laviron's model, 28 the slope was equal to RT/αnF. Based on these data, the value of αn was calculated to be 1.1, and a transfer coefficient, α, of 0.55 was also obtained.
For an adsorption-controlled electrode process, it is necessary to calculate the saturated absorption capacity (Γmax) of a target compound on the electrode surface, and chronocoulometry is the best technique to judge the performance. For TP at graphene/Nafion/GCE, a chronocoulometric experiment was performed in a 5.0 × 10 -4 mol L -1 TP solution. After stirring the solution for several minutes for promoting adsorption, a step potential from 0.6 to 1.45 V was applied, and the Q-t curve was recorded (Fig. S2a, curve b, Supporting Information) . A comparison experiment was also achieved in a blank solution (Fig. S2a, curve a) . The corresponding Q-t 1/2 curves are plotted in Fig. S2b . It was obvious that the two slope values of the Q-t 1/2 plots were almost equal in both the absence and presence of TP, which was additional evidence of an adsorption-driven electrode process. According to the Anson equation, 29 
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Qdl is double-layer charge, and Qads the Faradaic charge, which depends on the oxidation of adsorbed TP. Γmax could be determined according to the equation Qads = nFAΓmax, and the intercept difference expressed in Fig. S2b . For TP, its Γmax was 6.25 × 10 -9 mol cm -2 at the graphene/Nafion/GCE surface.
Selection of the experimental conditions
To optimize the experimental conditions for TP oxidation, the species of the supporting electrolytes were investigated using CV. Some electrolytes, including H2SO4, H3PO4, HNO3, HAc, KH2PO4-K2HPO4, H3BO3, HCl, were observed and studied (Fig. S3, Supporting Information) . The results were compared, and H2SO4 was chosen as the supporting electrolyte, owing to the high peak current and good peak shape of TP in it. The effect of the H2SO4 concentration was also selected from 0.001 to 0.5 mol L -1 in a 2.0 × 10 -5 mol L -1 TP solution. When the concentration of H2SO4 was inferior to 0.1 mol L -1 , 0.1 mol L -1 Na2SO4 was added to guarantee the conductibility of the solution. As shown in Fig. 5 (part of the curves were given), 0.1 mol L -1 H2SO4 was selected as the optimized concentration due to the lower peak potential and the highest peak current. With decreasing the solution pH (the value of pH was calculated by the full dissociation of H2SO4), the anodic peak potentials moved in the negative direction, indicating that hydrogen ions participated in the electrode reaction. The peak potential and solution pH showed a linear relation of (pH range from 0 to 2.7): Epa = -0.0371pH + 1.2998 (Epa in V, R = 0.998). The slope of 0.0371 V/pH elucidated that the transfer-electron numbers were two times as much as that of the proton numbers taking part in this reaction. Since TP molecules were protonated as a positive ion TPH + (pKa = 8.7) 30 in a 0.1 mol L -1 H2SO4 solution, TPH + could be more effectively accumulated on the electrode surface owing to electrostatic attraction.
Based on the results, a proposed mechanism for the electrochemical oxidation of TP at graphene/Nafion/GCE electrodes is expressed in Fig. S4 (Supporting Information) .
Effect of accumulation time
For an adsorption-controlled electrode process, an added accumulation step is a benefit for enhancing the detection sensitivity. In the present study, the effect of the accumulation time (tacc) was investigated in a 5.0 × 10 -6 mol L -1 TP solution. The result showed that the peak currents linearly increased with increasing tacc to 120 s. For all we know, a longer tacc will result in a better detection limit, but would also result in a narrower linear range. For a comprehensive consideration, 120 s of tacc was selected for erecting an analytical method of TP under an open circuit.
Calibration curve, detection limit, reproducibility and stability
To obtain a better sensitivity, a differential pulse voltammetry (DPV) technique was used for erecting the calibration curve. Superposed DPV curves with different TP concentrations are displayed in Fig. 6 , which were measured under the optimal experiment conditions and parameters of the pulse amplitude of 40 mV; pulse increment of 5 mV; pulse width of 30 ms; and pulse period of 80 ms. The obtained relationship of the peak currents with the TP concentrations had two linear ranges (the inset in Fig. 6 ). They were from 1. 31 was calculated to be 6.0 × 10 -9 mol L -1 , which was the lowest value reported so far for a TP using voltammetric sensor (Table S1 , Supporting Information). In comparison with a MWCNT/Nafion film-modified electrode, 18 the sensor exhibited a higher sensitivity for the determination of TP, owing to the excellent properties of graphene, such as remarkable conductivities and high specific surface areas.
The reproducibility was evaluated using the method as follows: 10 interval measurements in a 2.0 × 10 -5 mol L -1 TP solution were carried out using one modified-film electrode under the optimal conditions; 5 GCEs were modified in parallel and then their response was detected in a 2.0 × 10 -5 mol L -1 TP solution, respectively. As a result, the relative standard deviations were calculated to be 1.6 and 2.7%, respectively, which demonstrated good reproducibility of the present sensor. To estimate the stability of the sensor, modified graphene/Nafion/GCE was stored in a 0.01 mol L -1 phosphate solution (pH 7.0) under 4 C for 5 weeks; the current response in a 2.0 × 10 -5 mol L -1 TP solution was 95.3%, compared with its initial current response, which demonstrated that this sensor had good long-term storage stability. The result indicated that the sensor displayed greater durability in contrast to the MWCNT/Nafion film-modified electrode. 18 
Interference studies
For possible analytical applications of the present method, the interference of some potentially interfering species, which were likely to be in biological samples, was examined. Experiments were performed in a TP (5.0 × 10 -6 mol L -1
) solution, and spiked in various excess amounts of these species under the same experimental conditions. The tolerance limit for a potentially interfering species was defined as < ±5% of the TP peak-current change. , NO3 -, glucose, 15-fold of ascorbic acid, uric acid, xanthine, and 5-fold caffeine had almost no influence on the determination of TP. These data demonstrated that the voltammetric sensor possessed reasonable selectivity for TP (Table S2 , Supporting Information).
Analysis of pharmaceutical dosage samples
In order to demonstrate the accuracy of the method, theophylline sustained-release tablets (Guangzhou Pharmaceutical Co. Ltd., China, batch No. 20110706, marked TP content of 0.1 g per tablet) and aminophylline injection (Zhengzhou RunHong Pharmaceutical Co. Ltd., China, batch No. 1007241, marked TP content of 0.25 g per ampoule) were employed as standard samples for determining the TP content, and were compared with their labeled values. The tablet sample was finely powdered in an agate mortar, and dissolved in 100 mL of warm water. After centrifuging for 30 min, the supernatant was used as a detection sample. The injection was diluted 100 times using doubly distilled water to obtain detection samples. The standard addition technique was employed for the determination of TP in pharmaceutical dosage samples, and the detection results are listed in Table S3 . The recovery was measured in every detection solution for evaluating the precision further. A 10-μL supernatant of the tablet sample or diluted injection was diluted quantitatively using the supporting electrolyte (10 mL), and was measured for investigating the contents of samples. As shown in Table S3 , the results indicated that there was no significant difference between the determined contents of TP with the value stated by the producer in real samples. The calculated recovery was in the range from 97.6 to 103.7%, which suggested the reliability of the present method.
Conclusions
The present approach can be described as a simple electrochemical sensor fabricated by dropping a graphene/Nafion suspension on GCE. As a voltammetric sensor, it not only exhibited a special recognition capacity to TP, but also allowed a high sensitivity for the determination of TP, due to the excellent characteristics of graphene and the adsorption action of Nafion for TP. The present method offered several attractive advantages, such as simplicity of operation, low cost, high sensitivity, excellent selectivity, a wide linear range and a low detection limit. Moreover, according to the analytical results obtained in aminophylline injection and theophylline sustainedrelease tablets diluents, it demonstrated the applicability of the method for real sample analysis. . The insert is a corresponding ipa vs. CTP plot.
